Global biodiversity is declining at rates faster than at any other point in human 27 history. Experimental manipulations of biodiversity at small spatial scales have 28 demonstrated that communities with fewer species consistently produce less biomass than 29 higher diversity communities. However, understanding how the global extinction crisis is 30 likely to impact global ecosystem functioning will require applying these local and 31 largely experimental findings to natural systems at substantially larger spatial and 32 temporal scales. Here we propose that we can use two simple macroecological patterns -33 the species area curve and the biomass-area curve -to upscale the species richness-34 biomass relationship. We demonstrate that at local spatial scales, each additional species 35 will contribute more to biomass production with increasing area sampled because the 36 species-area curve saturates and the biomass-area curve increases monotonically. We use 37 species-area and biomass-area curves from a Minnesota grassland and a Panamanian 38 tropical dry forest to examine the species richness -biomass relationship at three and ten 39 sampling extents, respectively. In both datasets, the observed relationship between 40 biodiversity and biomass production at every sampling extent was predicted from simple 41 species-area and biomass-area relationships. These findings suggest that macroecological 42 patterns like the species-area curve underpin the scaling of biodiversity-ecosystem 43 functioning research and can be used to predict these relationships at the global scales 44 where they are relevant for species loss. 45 46 4
of the species richness-biomass relationship will increase (Figure 1c ). Alternatively, 70 biomass production in biodiversity-ecosystem functioning studies is commonly 71 standardized per unit area (e.g. biomass per m 2 , e.g., 8, 11, 12, 14, [32] [33] [34] ). In per unit area terms, 72 biomass production should be invariant to area (Figure 1d ). This standardization means 73 that each species represents a smaller contribution to biomass production (per unit area) 74 as we increase the sampling extent (Figure 1e ,f).
76
Species richness-biomass relationships match macroecological expectations 77 We produced species-area relationships ( Figure 2 ) and biomass-area relationships 78 ( Figure 3 ) from (1) nested plots increasing in size in an herbaceous grassland at Cedar 79 Creek Ecosystem Science Reserve and (2) using a resampling protocol on the tree 80 community in the Barro Colorado Island (BCI) 50-hectare plot. Note that with regards to 81 our results we use the term biomass to refer to our measures and biomass production to 82 refer to the general ecosystem function. We distinguish between these two terms because 83 while biomass is often a good proxy for biomass production, the latter requires a measure 84 of turnover through time which we do not present here. We found that, as predicted 85 species richness saturated with increasing sampling extent at both sites (Tables 1; Figure   86 2a,b). Biomass increased linearly with increasing sampling extent at both sites (Table 1; 87 Figure 3a,c). By contrast, biomass per m 2 was invariant to sampling extent at both sites 88 (Table 1, Figure 3b, d) . 89 We then used these area relationships to predict the slope of the species richness -90 biomass relationship at each sampling extent assuming that the species richness-biomass 91 relationship intersects the origin (Figure 4) . That is, we assumed that when an ecosystem 92 has no species it also cannot produce biomass. At each sampling extent, we examined the 93 species richness-biomass relationship in two different ways: (1) the relationship between 94 total species richness per plot and total biomass per plot and (2) the relationship between 95 total species richness per plot and biomass per m 2 (e.g., Isbell et al. 2011) . 96 In accordance with our predictions, the slope of the species richness-total biomass 97 relationship increased with increasing sampling extent at both sites (Figure 5a, c) . In fact, 98 no predicted slope for the species richness -biomass relationship was outside of the 99 confidence limits of the observed slope (Table 2) . Additional species contributed more to 100 biomass production at the largest sampling extent, while the smallest sampling extent had 101 the smallest relative gains in total biomass with each additional species. In terms of 102 biomass per m 2 , we found that the slope of the species richness-biomass relationship 103 decreased with increasing sampling extent (Figure 5b,d) . That is, each additional species 104 contributed less to biomass per m 2 at the largest sampling extent. The smallest sampling 105 extent had the largest relative gains in biomass per m 2 with each additional species. At biomass per unit area (i.e. m 2 or ha) approach, which is the typical method of comparison 114 in biodiversity-ecosystem functioning studies (e.g., 10, 12, 14, 17, 32, 33 ), may not be particularly 115 useful when comparing biodiversity-ecosystem functioning relationships across spatial 116 scales. Reducing biomass to per unit area removes sampling extent from the biomass 117 calculation and makes biomass a constant with respect to sampling extent while species 118 richness continues to scale with increasing sampling extent. Further, because species 119 richness scales non-linearly with increasing sampling extent, simply using a per unit area 120 measure of species richness does not make biomass per m 2 and species richness scale 121 similarly.
123
Applying macroecological predictions across scales, time, and to experimental 124 approaches 125 A critical conclusion from our findings is that we can use macroecological 126 patterns to accurately predict the scaling of the species richness-biomass production 127 relationship at local spatial scales. However, the local to global scale species-area curve 128 (both log transformed) is likely triphasic rather than saturating. As the log(area) Figure 6 , see also 35 ). In terms of log(biomass production) ( Fig. 6a ), we expect that as 136 log(area) increases the slope of the relationship between the two will increase locally, 137 stay the same regionally, and decrease slightly globally. Importantly, this global slope 138 will not decrease below the slope of the highest local slope (Fig. 6b ). That is, each 139 additional species will contribute proportionally the most to biomass production at 140 regional scales and the least at the smallest local scale. Alternatively, in terms of 141 log(biomass production per unit area), we expect that the species-area curve will change 142 non-linearly from local to global scales and the log(biomass production per unit area) will 143 be invariant to scale (Fig. 6c ). In this case, the slope of the relationship between species 144 richness and biomass production will decline as area increases (Fig. 6d ). That is, species 145 will contribute the most to biomass production per unit area at local scales and the least 146 globally. 147 The general scaling relationship found here will also hold for any other analysis 148 that combines a saturating relationship with a linear relationship. For example, the 149 species richness-time relationship, while less well studied than the species-area 150 relationship, also saturates at "local" time scales 26, 36, 37 . If we assume that biomass 151 production per unit area remains relatively constant over time in an equilibrium 152 community then we predict that the slope of the species richness-biomass relationship 153 will decrease with increasing time and each additional species will be less important for 154 biomass production per unit area with increasing time (Fig. S2a,b ). 155 In cases where biomass production per unit area increases over time, our 156 expectations would be the opposite. For example, in many biodiversity experiments, 9 richness is often reported in publications from biodiversity experiments (e.g., 8, 14 ). This 159 initial species richness is constant over time. If species richness remains constant (or 160 decreases) through time and biomass per unit area increases, then the slope of the 161 relationship between the two will increase with increasing time, as found by Reich et 162 al. 14 ( Figure S2d ). That is, in biodiversity experiments, we predict that over time each 163 additional species will contribute more to biomass production while in natural systems 164 that are not undergoing succession, we predict the opposite (Fig S2a,b) . Entirely 165 different mechanisms are at work in those two scenarios, so there is no theoretical 166 conflict between the contrasting patterns. However, these contrasts would not emerge 167 without the foundational mathematical underpinnings explored here. Understanding these underlying scaling relationships may allow us to make generalizable 183 predictions for the consequences of species loss on any given biodiversity-ecosystem 184 functioning relationship at global scales. Finally, understanding the mathematical 185 underpinnings for these patterns allows us to focus more precisely on the mechanisms 186 that may cause these relationships to diverge from our theoretical expectations. Barro Colorado Island 50-hectare plot: Subsampling method 230 We assigned each 5 x 5 m subplot within the BCI 50 hectare plot a random 231 number. We then randomly subsampled (using the command "sample") these subplots to To assess whether the relationship between species richness and biomass 248 production was dependent on the spatial scale of measurement, we also examined the 249 relationship of both species richness and biomass production individually with increasing 250 plot area. We fit linear and "Michaelis-Menten" (saturating) models to our data and 251 selected the model with the lower Akaike Information Criterion (AIC) to determine 252 whether the relationships between biomass production and area, species richness and 253 area, and species richness and biomass production were linear or saturating. When we 254 were unable to calculate parameters for a Michaelis-Menten curve using the "SSmicmen" 255 command in R and an "nls" command would not converge with uniform starting values 256 (i.e. 1 for both parameters), we assigned an NA to the saturating model and considered 257 the linear model to be a better fit. 258 We then used a mixed effects ANCOVA to determine whether the relationship 259 between species richness and biomass production changed with increasing area of the 260 plot using the command lme when random effects were necessary and gls when random 261 effects were not necessary. We tested all models for heteroscedasticity using a Breusch-262 Pagan test 44 . When models had significant heteroscedasticity, we added an exponential 263 variance structure to the model. All analyses were conducted in R Statistical Software 264 and plotted using "ggplot2". linear (see Fig. S1 for alternative interpretations of this shape) and goes through these 437 two points, then the predicted slope of the species richness-biomass relationship is the 438 average biomass for that area divided by the average species richness for that area (C.) 439 and the slope of the species richness biomass production relationship increases with 440 increasing spatial scale of sampling. D.) When biomass is measured in terms of per unit 441 area it is not likely to change with increasing sampling extent. E.) If this is the case, then 442 the species-area curve determines the slope of the species richness-biomass relationship 443 with increasing spatial scale (F.). Thus, we expect the per unit area version of the species 444 richness-biomass relationship to have a decreasing slope with increasing area and that the 445 slope will decrease at a decelerating rate. When biomass is summed, we predict that the species richness-biomass production relationship will have an increasing slope 467 with increasing area, for both recently burned savannas (A.) and the randomized subplots of the BCI 50-ha plot (C.). For biomass per 468 m 2 , we predict that the slope of the species richness-biomass production relationship will decrease with increasing area for both 469 recently burned savannas (B.) and the BCI 50-ha plot randomized subplots (D.). the species richness-biomass production relationship decreases with increasing spatial scale. C.) Furthermore, from randomly 480 subsampled subplots of the BCI 50-hectare plot, we found similarly that the species richness-biomass production (in terms of total 481 aboveground biomass) relationship had an increasing slope with increasing spatial scale. D.) When biomass production was calculated 482 as biomass per m 2 from randomly subsampled subplots of the BCI 50-hectare plot, we found that the slope of the species richness-483 biomass production relationship decreased with increasing spatial scale.
484

Figure 6. Graphical predictions for how the log(species richness)-log(biomass production)
487 relationship will scale with increasing log(area) from local to regional and global scales 488 depending on the way in which biomass production is calculated. A.) In log space, the 489 species area curve is thought to be triphasic as log(area) increases from local to regional and then 490 global scales (black curve). The log transformed total biomass production likely monotonically 491 increases with increasing spatial scale (grey line). B.) The slope of the log(species richness)-492 log(biomass production) relationship increases with increasing spatial scale at local to the 493 regional scales, does not change at regional scales, and decreases slightly at global scales. This was the most abundant species representing 29.29% of all sampled biomass. 521 We found a significant and saturating species richness-area relationship and a significant 522 and linear total biomass-area relationship (Table 1) . There was no relationship between biomass 523 m -2 and sampling extent ( Table 1) . The total biomass-species richness relationship was 524 significant (t 1,148 = 2.25, p=0.030, Table 3 ) and linear at all sampling extent (though not 525 significantly for 16 m 2 plots). Further, the sampling extent significantly increased the slope of the 526 summed biomass-species richness relationship as predicted (t 1,148 = 2.41, p=0.017, Table 3 ).
527
Increasing species richness did not increase biomass m -2 (t 1,148 = 1.54, p=0.125, Table 3 ) and the 528 sampling extent did not significantly alter the biomass m -2 -species richness relationship (t 1,148 = 529 0.06, p=0.955, Table 3 ).
531
Barro Colorado Island 50 ha plot 532 Similar to CCESR, we found a saturating relationship between species richness and the 533 sampling extent as predicted and the summed biomass increased linearly with increasing 534 sampling extent (Table 1) . The species richness-summed biomass relationship was significant 9 (t 1,617 = 7.17, p<0.001, Table 3 ) and was linear at all sampling extents except for 100 m 2 (Table   536 1). However, the linear model was only a significantly better fit than the saturating one at the 225 537 m 2 and 300 m 2 sampling extents where the saturating model did not converge (Table 1) . Further, 538 the sampling area significantly increased the slope of the species richness-biomass relationship 539 as predicted (t 1,617 = 7.79, p<0.001, Table 3 ). Similarly, the biomass per m 2 -species richness 540 relationship was significant (t 1,617 = 20.10, p<0.001, Table 3 ) and linear at all sampling extents 541 except 100 m 2 . Furthermore, the linear model was only significantly better than the saturating 542 model at the 225 m 2 and 300 m 2 sampling areas where the saturating model did not converge.
543
With increasing sampling extent, the slope of the species-richness biomass relationship 544 significantly decreased (t 1,617 = -2.523, p=0.012, Table 3 ). 545 Further, at every sampling extent, at both sites the predicted slope based on the species-546 area curve and the biomass-area curve was within the confidence limits of the observed slope of 547 the species richness-biomass relationship ( Table 2) . 
